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Fundamental research issues and novel designs of Sb-based superlattice photodetectors are reported. These include the following:
Accomplishment 1. Growth of new InAs/GaSb type-II superlattice material using MOCVD. We report the improved SL quality based on
different interfacial layers (IF) and detector results using new growth schemes.
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Abstract:

Fundamental research issues and novel designs of Sh-based superlattice photodetectors are
reported. These include the following:

Accomplishment 1. Growth of new InAs/GaSb type-I11 superlattice material using MOCVD. We
report the improved SL quality based on different interfacial layers (IF) and detector results
using new growth schemes.

Accomplishment 2. Demonstration of the first MOCVD grown InAs/GaSb type-Il superlattice
photodiodes. We have characterized the photodiodes’ 1-V curve, responsivity, and detectivity
with improved performance.

Accomplishment 3. Realization of the first InAs/InAsSb type-11 superlattice structure
grown by MOCVD. We have measured the structure’s absorption spectra.



Progress and accomplishments:
This report focuses on progress of the last year since September 1, 2009. The progress of the
previous years has been reported in the annual reports each year.

Accomplishment 1: Growth of new InAs/GaSb type-11 superlattice material using
MOCVD

Previously, the demonstration of InAs/GaSb type-Il superlattice (T2SL) materials for
mid-infrared (IR) devices was done with samples grown with molecular beam epitaxy (MBE).
While these devices have been shown to perform well, an important step in InAs/GaSb T2SL
development is growth using metal-organic chemical vapor deposition (MOCVD), which is the
preferred method of growth in manufacturing. We have produced and refined such a process as
part of an effort to make the new material composition more appealing for widespread use, in
place of current alternatives such as mercury cadmium telluride (MCT) detectors.

As we reported earlier, an effective growth method was investigated. Epitaxial growth of
InAs/GaSh T2SL structures was carried out in a Thomas Swan MOCVD reactor equipped with a
close-coupled showerhead growth chamber at a pressure of 100 Torr. Trimethylindium [TMiIn,
IN(CH3); and triethylgallium [TEGa, Ga(C,Hs)s] were used as column Il precursors and
trimethylantimony [TMSb, Sb(CHs)s] and arsine (AsHs) were used as column V precursors. The
dopant precursors include disilane (SioHg) for n-type silicon Si doping and diethylzinc [DEZn,
Zn(C,Hs),] for p-type zinc Zn doping. SL and device structures were grown on p-type (001)
GaSb substrates, with the GaSb buffer being grown at 600 °C and the InAs/GaSh SL at 530 °C.
Our previous results demonstrated that a combined interfacial (IF) growth scheme utilizing 1
monolayer (ML) of InAsSb + 1 ML InGaSb was the most effective, compensating for strain and
providing superior surface morphology (RMS roughness of 0.125 nm determined via AFM).
Doping of the p-SLs was performed using Zn, and easily reached a maximum free hole
concentration of 3 x 10*° cm™. The doping of the n-SLs was more challenging, but with a high
concentration (~150 ppm) of silane we were able to reach a maximum concentration of 2 x 10'®
cm’®, sufficient for a detector application.

Accomplishment 2: Demonstration of the first MOCVD grown InAs/GaSb type-I1
superlattice photodiodes

As mentioned in the previous report, we demonstrated for the first time photodetectors
made from MOCVD grown InAs/GaSh T2SLs. The newly grown samples with mixed IF growth
were processed into detectors by Chuang’s group at UIUC. The detectors were processed into
mesas using citric acid based wet etching. The mesas ranged in size from 150 x 150 um? to 400
x 400 um?. The top and bottom metals (Ti/Pt/Au) were deposited using e-beam evaporation.
Since Ti/Pt/Au makes an ohmic contact with both n+ InAs and p+ GaSh, no anneal was needed.
No passivation scheme was used for these samples.

The results of the new MOCVD grown photodetectors are shown in Figs. 1 and 2. . The
measurements were taken with the use of a Janis cryostat, which allows for temperature
controlled measurements from 4K to room temperature. The electrical measurements were
conducted at 78K. Fig. 1(a) shows the I-V-curve of three different detectors. The devices show
RoA-products of around 3 x 10 Qcm?, which is less then two orders of magnitude lower than
state of the art type-ll InAs/GaSh-based devices for this wavelength without any passivation
treatment. The responsivity curve is shown in Fig. 1(b). The peak responsivity is ~0.6 A/W at 6
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Fig.1: (a) The dark I-V curves for three typical detectors of size 400 x 400 pm? at 78 K. The RoA
products are also shown. (b) Responsivity curve of one detector for the size of 400 x 400 pm?. All
measurements taken at 78 K.

um, neglecting interference due to the atmosphere. The peak detectivity is 1.6 x 10° Jones, which
is less than one order of magnitude lower than the detectivity of comparable devices such as
MCT. The temperature dependence of the RoA product is shown in Fig. 2. At high temperatures,
the device fits an exponential trend with an activation energy of E¢/2, implying that the device is
limited by generation-recombination.

Accomplishment 3: Realization of the first InAs/InAsSb type-1l1 superlattice structure
grown via MOCVD (Collabroation between R. D. Dupuis at Geogia Tech, S. L. Chuang at
UIUC, and Yong-Hang Zhang at ASU).

An alternative to InAs/GaSh based devices is the use of InAs/InAsSb, which can be designed for
virtually zero strain. This is a stark contrast to the complex IF growth schemes needed to grow
InAs/InAsSbh on the same GaSb substrate. Previously, the InAs/InAsSb material composition
was used primarily for light-emitting applications. This task is a recent collabration among three
groups: R. D. Dupuis at Geogia Tech, S. L. Chuang at UIUC, and Yong-Hang Zhang at ASU.

Fig.2: The Arrhenius plot for the ROA product of a typical detector of size 200 x 200 pm?. The
device is generation-recombination (G-R) limited at high temperatures.
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The InAs and InAsSb single layers were calibrated at 500 °C. Fig. 3 shows the XRD ®-26
scans for a 110 nm InAs layer and a 65 nm InAsg 75Sho 25 layer. The XRD results indicate clearly
the tensile strain in the InAs layer and compressive strain in the InAsg75Sbg2s layer on GaSh
substrates. The AFM images for these two layers are displayed in figs. 3(a) and 3(b),
respectively. The tensile-strained InAs exhibits a surface undulation with a RMS surface
roughness of ~0.296 nm, while the compressive-strained InAsg 75Sho 25 shows low-density cross-
hatch patterns with a RMS surface roughness of ~0.126 nm.

(a) (b) (c)
Fig.3: 20 x 20 um? AFM images for (a) InAs, (b) InAsg 75Sbg 25, and () 100-period InAs/INAS; 75Sbg 25
(7.0 nm/3.3 nm) T2SLs. (a) is in 10 nm height scale and (b) and (c) are in 5 nm scale. The RMS
surface roughness values from (a) to (c) are 0.296 nm, 0.126 nm, and 0.108 nm, respectively.

The InAs/InAsSb T2SL structures were grown at 500°C after calibration of the single
layers. Because of the absence of Ga in the SL layers, the interfacial control was found to be
more straight-forward in these structures. A 3-s AsHj flow was introduced after InAs layer
growth and a 1-s AsH3 flow was followed after InAsSb layer growth. Fig. 3(c) is the surface
morphology of a 100-period InAs/InAsy.75Sbo.25 (7.0 nm/3.3 nm) SB T2SL structure. Excellent
surface morphology with a RMS surface roughness as low as 0.108 nm was obtained for this 1-
um-thick T2SLs.  Shown in figure 4 are the XRD w/20 scans for the 100-period

F GaSbhb (004)
!—- —InAs/inAs__Sb_ . SLs Eﬂth

0.6 0.4

o= — InAsl/inAs__Sb SLs

r

Counts (a. u.)

i

wm&:

co/29 (deg.)

Fig.4: XRD w-26 scans near (004) diffraction for the 100-period InAS/INASy75Sbo2s (7.0 nm/3.3
nm) T2SLs and the 50-period INAs/INAS Sbo4 (7.0 nm/2.0 nm) T2SLs.
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InAs/InAsg 75Sho 25 (7.0 nm/3.3 nm) SB T2SLs and a 50-period InAs/InNAsgsShos (7.0 nm/2.0
nm) SB T2SLs. Narrow and intense satellite peaks are clearly visible, indicating superior
structural quality and sharp interfaces. The average strains revealed from the 0™-order peaks are
only 0.07 % and 0.02 %, respectively, which are nearly strain-balanced.

The absorption coefficients for the InAs/GaSb (4.5 nm/ 2.2 nm), InAs/InAsg 75Sho 25 (7.0
nm/3.3 nm), and InAs/INAsySbo 4 (7.0 nm/2.0 nm) T2SLs are summarized in Fig. 5. Combined
IF layers were used in the InAs/GaSb T2SLs. The absorption measurements were carried out at
room temperature from 0.06 eV to 0.65 eV using an infrared variable angle spectroscopic
ellipsometer. The designed cut-off wavelengths are A~10 um (124 meV) for the InAs/GaSb
T2SLs, A~8 um (155 meV) for the InAs/INAS 75Sbg 25 T2SLs, and A~14 um (88 meV) for the

Fig.5: Absorption coefficients for the 30-period InAs/GaSh (4.5 nm/2.2 nm) T2SLs, the 100-period
INAS/INASy 755025 (7.0 Nm/3.3 nm) T2SLs and the 50-period INAS/INASy ¢Sbo4 (7.0 nm/2.0 nm)
T2SLs.

INAs/InAs0.6Sb0.4 T2SLs. The absorption coefficients are similar for these two types of T2SLs.
The cut-off wavelengths and corresponding effective bandgap energies were determined to be
12.4 pm (100 meV), 9 um (138 meV), and 13.5 pm (92 meV) for these T2SLs, which are in
reasonable agreement with the designed values. It should be pointed out that the InAs/InAsSb

T2SLs have steeper cut-off than the InAs/GaSb T2SLs, which is possibly due to the thinner
absorption layer and the use of IF layers in the InAs/GaSb T2SLs. These results indicate that
InAs/InAsSb SB T2SLs are an important alternative to InAs/GaSh T2SLs for LWIR detection
and are more suitable for MOCVD growth.
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